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Parachute inﬂationAbstract A ﬂuid–structure interaction method combining a nonlinear ﬁnite element algorithm
with a preconditioning ﬁnite volume method is proposed in this paper to simulate parachute tran-
sient dynamics. This method uses a three-dimensional membrane–cable fabric model to represent a
parachute system at a highly folded conﬁguration. The large shape change during parachute inﬂa-
tion is computed by the nonlinear Newton–Raphson iteration and the linear system equation is
solved by the generalized minimal residual (GMRES) method. A membrane wrinkling algorithm
is also utilized to evaluate the special uniaxial tension state of membrane elements on the parachute
canopy. In order to avoid large time expenses during structural nonlinear iteration, the implicit Hil-
ber–Hughes–Taylor (HHT) time integration method is employed. For the ﬂuid dynamic simula-
tions, the Roe and HLLC (Harten–Lax–van Leer contact) scheme has been modiﬁed and
extended to compute ﬂow problems at all speeds. The lower–upper symmetric Gauss–Seidel (LU-
SGS) approximate factorization is applied to accelerate the numerical convergence speed. Finally,
the test model of a highly folded C-9 parachute is simulated at a prescribed speed and the results
show similar characteristics compared with experimental results and previous literature.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Among a wide variety of decelerating and life-saving devices, a
parachute system is one of the most often used equipment forﬁghter plane pilots, landing aircrafts, or airdrops of heavy mil-
itary equipment. Compared with complexities and expenses
during experimental methods, using computational simulation
techniques to calculate the opening procedure of a parachute
conﬁguration can signiﬁcantly improve the parachute design
process. During the deployment and inﬂation process, para-
chute fabric materials can undergo large and arbitrary defor-
mation in a very short time when sustaining a small stress
and strain, and such a kind of thin and ﬂexible membrane–
cable structure makes many challenges for both computational
structure dynamics and ﬂuid mesh-moving techniques. Besides,
parachute devices can be used in many speed categories during
1374 Y. Fan, J. Xiaaviation missions, so choosing a stable and high efﬁciency ﬂuid
scheme which can solve all speeds problems is essential. There-
fore, conducting numerical simulation for a parachute system
is a complex and comprehensive task for parachute designers.
Many advanced computational simulation techniques have
been developed recently to compute parachute problems. The
ﬁrst kind of these methods is good at providing accurate
incompressible aerodynamic simulations, such as developing
the semi-implicit method for pressure-linked equations (SIM-
PLE algorithm),1,2 applying the immersed boundary method3,4
or the front tracking method.5 The second kind uses a real
parachute conﬁguration and the ﬁnite element method to sim-
ulate both the structure and ﬂuid dynamic behavior, including
the space–time ﬂuid structure interaction (FSI)technique6–11
and commercial software LS-DYNA,12–14 which uses the Eule-
rian–Langrangian penalty coupling algorithm and the multi-
material Eulerian formulation based ﬂuid solver to simulate
parachute problems. Restricted by the complex conﬁguration
of a real parachute system, the ﬁrst kind of methods usually
uses a semi-experimental15,16 hypothesis to establish a para-
chute canopy model or upgrade the mass-spring damper
(MSD) model to treat the parachute canopy as a virtual spring
net system. Although the second kind of methods prefers the
application of ﬁnite element method (FEM), a more compli-
cated folded conﬁguration needs to be studied because the
space–time FSI technique usually uses a ﬂat circular conﬁgura-
tion as the initial canopy state. On the other hand, due to the
explicit algorithm and the thin shell element theory, the struc-
tural time step of the commercial software is often limited and
the special tension state of the fabric material needs to be fur-
ther studied.
In this paper, a new numerical FSI simulation technique is
proposed and programmed to simulate a highly folded para-
chute conﬁguration by combining the advantages of the non-
linear ﬁnite element method17–20 and the preconditioning
ﬁnite volume method.21–23 Applying an incompressible ﬂuid
solver to study parachute FSI problems has been investigated
by many researchers, but the application of a density-based
method has been poorly investigated, and the combination
of an implicit structure algorithm and an implicit ﬂuid scheme
also needs to be developed. Based on these purposes, this
newly developed FORTRAN code is consisted of three inde-
pendent modules which are designed to solve the unique prob-
lem according to their own strengths. The ﬁrst module is an
implicit nonlinear structural dynamic module which is based
on membrane–cable elements. Different from commercial soft-
ware, a tangent stiffness matrix for fabric materials has been
introduced and derived in detail to formulate the nonlinear
implicit structural dynamic equations, and the Newton–Raph-
son iteration algorithm has also been coded to solve these non-
linear implicit equations during each physical time step.
Besides, a wrinkling detection and processing algorithm has
been added to this code to improve the performance of mem-
brane elements and ensure the dynamic stability during the
unfolding stage. The second module is a robust mesh-moving
program which works as a bridge between the structure and
the ﬂuid module. The pseudo solid algorithm24,25 has been
used to update the ﬂuid mesh at each time level during FSI
simulation. The last module is a ﬂuid solver which is based
on the preconditioned Reynolds averaged Navier–Stokes
(RANS) equation. The unstructured lower–upper symmetric
Gauss–Seidel (LU-SGS) scheme is employed in this ﬁnitevolume solver to accelerate the numerical convergence speeds
andmake a better cooperation with the implicit structure solver.
The typical C-9 parachute is modeled and simulated in this
paper to test the ability of this FSI method. There are three
stages in this FSI simulation: ﬁrst is a pre-inﬂation phase
which is designed to simulate the parachute unfolding proce-
dure; second is the system breath vibration phase aiming at
locating the dynamic equilibrium position; last is the FSI sim-
ulation of the parachute terminal descent stage when system
vibration tends to convergence. The ﬁnal results and perfor-
mance of this method have qualiﬁed this parachute FSI code
to be a useful tool for analyzing parachute problems.
2. Nonlinear structure dynamic module
2.1. Governing equation
Former parachute structure models usually use stress symme-
try or quasi static hypothesis,1,16 and thus different types of
parachute always need different structure models. In this
paper, a total Lagrangian approach coupled with the incre-
mental/iterate algorithm17,18 is adopted to build the basic
structure dynamic equation for all kinds of membrane–cable
fabric structures. The dynamic equation at time level t+ Dt is
M€UtþDt þ C _UtþDt þ RtþDt ¼ FtþDt ð1Þ
whereM and C are the mass and damping matrice, and R and
F represent the internal restoring force and the external force
vector, respectively. €U and _U are the acceleration and the speed
vector. In this paper, all structural variables are expressed by
using their tensor forms.
In the following text, the characters HN, HM represent the
element shape functions, a, b, n, g represent neutral curvilinear
coordinates, i, j represent Cartesian coordinates, and I, J, M,
N, L, Q represent the local number of element nodes. U repre-
sents the global displacement vector, dij is the Kronecker sym-
bol, A is the geometric metric tensor, and q is the material
density. The lower case letter k represents the iteration step
of Newton–Raphson iteration. For membrane elements, h rep-
resents the thickness, while for cable elements, it represents the
cross-section area.
The consistent mass matrix is applied:
MMNij ¼ dijqh
Z Z
HNHM
ﬃﬃﬃﬃ
A
p
dndg ð2Þ
In this paper, the second Piola–Kirchhoff stress based on
the Green strain theory is applied to describe a large deforma-
tion system. Assuming S ab is the second Piola–Kirchhoff stress
and Eng is the Green strain, the stress and strain relationship is
S ab ¼ C abngEng ð3Þ
The fourth-order elasticity tensor C abng is
C abng ¼ @S
ab
@Eng
¼ Emð1þ mÞð1 2mÞG
abG ng
þ E
2ð1þ mÞ ðG
anG bg þ G agG bnÞ ð4Þ
where E is the elastic module, m is the Poisson ratio, and G ab
represents the contravariant tensor. Based on the principle of
virtual work, the ﬁnite element discrete form of the internal
force R for membrane elements is
Fig. 1 Comparison between wrinkling-ignored and wrinkling-
added results at same step.
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Z Z
Sab
@Eab
@UNi
hdX
¼ 1
2
SabðHN;aHM;b þHN;bHM;aÞðXMi þUMiÞh
ﬃﬃﬃﬃ
A
p
ð5Þ
where X represents Cartesian coordinates, M represents cer-
tain node which shares the same element with nodeM (includ-
ing M). The repetition of one character represents the
circulation of corresponding node, i (i= x, y, z) represents
Cartesian coordinate direction.
The internal force for cable elements is
RN1 ¼
Z
S11
@E11
@UN1
hdl ¼ 1
2
S11HN;1HM;1 XM1 þUM1ð Þh
ﬃﬃﬃﬃ
A
p
ð6Þ
With external loading speciﬁed or computed, Eq. (1) will be
assembled and explicit structure dynamic iteration will be
operational. Although the explicit form of the structure
dynamic equation is relatively simple, the structural time step
is always restricted by the stability requirements during para-
chute simulations, such as commercial software LS-
DYNA.12–14
In order to effectively reduce the restrictions for time step
and enhance the numerical stability, the Newton–Raphson
method has been applied in this paper to develop a nonlinear
implicit structure dynamic algorithm. The key step for this
method is the derivation of the tangent stiffness matrix K for
structure materials which can be expressed as the ﬁrst deriva-
tive of the resultant force:
KtþDt
uI
i
uJ
j
¼ @ðR
tþDt  FtþDtÞ
@U
¼
Z Z
Cngab
@Eng
@uJj
 @Eab
@uIi
þ Sab @
2Eab
@uIi@u
J
j
 ! ﬃﬃﬃﬃ
A
p
dndg ð7Þ
Applying the tensor derivative algorithm to get the tangent
stiffness matrix for membrane elements:
nKtþDtNiMj ¼
@
@UMj
Z Z
Sab
@Eab
@UNi
hdX
¼ 1
2
dijS
abðHN;aHM;b þHM;aHN;bÞh
ﬃﬃﬃﬃ
A
p
þ 1
4
CabngðHN;aHL;b þHL;aHN;bÞ XLi þ nUtþDtLi
 
 ðHM;nHQ;g þHQ;nHM;gÞ XQj þ nUtþDtQj
 
h
ﬃﬃﬃﬃ
A
p
ð8Þ
The tangent stiffness matrix for cable elements:
nKtþDtNiMj ¼
@
@UMj
Z
S11
@E11
@UNi
hdX
¼ dijS11HN;1HM;1h
ﬃﬃﬃﬃ
A
p
þ EG11G11HN;1HL;1 XLi þ nUtþDtLi
 
HM;1HQ;1
 XQjþnUtþDtQj
 
h
ﬃﬃﬃﬃ
A
p
ð9Þ
Here X represents the Cartesian coordinates of structure
nodes. The structure dynamic equation for Newton–Raphson
iteration can be written as
M€UtþDtk þ CtþDtk _UtþDtk þ KtþDtk DUtþDtk ¼ FtþDtk  RtþDtk ð10Þ
Gaussian quadrature is applied to integrate these differen-
tial equations numerically. When the system equations havebeen assembled, the diagonal preconditioned GMRES algo-
rithm is applied to get the structure dynamic responses because
of its small memory requirements and good convergence fea-
tures even faced with an ill-conditioned matrix.
2.2. Membrane wrinkling algorithm
There are three tension states for the membrane structure:
taut state, slack state, and wrinkled state. The wrinkled state
is the biggest difference between the fabric structure and the
thin shell structure because the thin shell model can resist
compression stress. When a fabric material is subjected to
compression in one principal direction and tension in the
other principal direction, wrinkles will form because of its
low ﬂexural stiffness. Ignoring this special tension state will
probably cause the entire system failure of parachute simula-
tion. Fig. 1 shows an example during the pre-inﬂation phase
when the compression stress starts to taken over the main
region near the canopy vent and ﬁnally causes the instability
result.
A wrinkling algorithm aims at correcting the stress and
strain based on the wrinkling direction h to eliminate the
unreal compression area for a fabric structure. The wrinkling
method in Ref. 19 is adopted in this paper to modify the stress
and strain tensor derivatives for the wrinkled area on a para-
chute canopy. Numerical simulation results show that the uni-
axial tension state usually happens at the parachute unfolding
stage when some areas on the canopy are stretched in only one
direction, while the inﬂation stage and the descent stage are
usually at the taut tension state.
Fig. 2 Initial and numerical inﬂated conﬁgurations of airbag.
Fig. 3 C-9 parachute model at its initial conﬁguration.
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The implicit Hilber–Hughes–Taylor (HHT)18 method is
employed in this paper for structure time integration, the dis-
crete-time system for dynamic equations are
M€UtþDt þ ð1þ xÞC _UtþDt  xC _Ut þ ð1þ xÞRtþDt  xRt
¼ ð1þ xÞFtþDt  xFt ð11Þ
UtþDt ¼ Ut þ Dt _Ut þ 1
2
 j
 
€Ut þ j€UtþDt
	 

Dt2 ð12Þ
_UtþDt ¼ _Ut þ Dt ð1 kÞ€Ut þ k€UtþDt  ð13Þ
Table 1 Material properties of C-9 parachute.
Material property Me
Element number 806
Thickness (m) or cross section area (m2) 1.0
Density (kg/m3) 533
Elastic modulus (GPa) 0.43
Poisson ratio 0.14Factor x is chosen in the range of [0.333, 0], and then the
other factors are determined as
j ¼ 1
4
ð1 xÞ2
k ¼ 1
2
ð1 2xÞ2
8><
>: ð14Þ2.4. Numerical test for structure algorithm
As a veriﬁcation of the algorithm for canopy material proper-
ties, a numerical test for the fabric structure is performed in
this paper. The airbag made of two square fabric surfaces
which are sewn along four edges is inﬂated by an internal pres-
sure of 23.94 Pa. The edge length is 0.3048 m and the thickness
of the fabric material is 0.03048 m. The initial conﬁguration is
shown in Fig. 2(a).
The elastic modulus is 206.8 MPa and the Poisson ratio is
0.3. The time step is 0.0001 s and after 500 steps of iterations,
the displacements in both the in-plane and transverse direc-
tions agree well with those in Ref. 19. The numerical result is
demonstrated in Fig. 2(b).mbrane (canopy) Cable (suspension line)
4 2464
· 104 4.91 · 106
.77 462.00
09 97.00
0.3
Fig. 4 C-9 parachute inﬂation at different time instants.
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Fig. 5 Top and side views and image of C-9 parachute at 0.2600 s.
Fig. 6 C-9 parachute’s ﬁnal shape of experiment.15
1378 Y. Fan, J. Xia3. Pseudo solid mesh-moving module
Because of its ability to handle complex geometries and arbi-
trary motions for nonlinear problems, the pseudo solid mesh-
moving strategy24,25 is applied in this paper to automatically
update the ﬂuid mesh after structure deformation converged
at each nonlinear iteration step. The ﬂuid grid is treated as a vir-
tual solid structure and the displacementsU of the grid nodes are
governed by the virtual static equilibrium equation.
D¼ Eð1þ mÞð12mÞ
1 m m m 0 0 0
m 1 m m 0 0 0
m m 1 m 0 0 0
0 0 0
1
2
 m 0 0
0 0 0 0
1
2
 m 0
0 0 0 0 0
1
2
 m
2
666666666666664
3
777777777777775
ð15Þ
A¼
@
@x
0 0
@
@y
0
@
@z
0
@
@y
0
@
@x
@
@z
0
0 0
@
@z
0
@
@y
@
@x
2
66666664
3
77777775
T
ð16ÞFig. 7 Coarse and ﬁne grids paThe pseudo structure matrices are given in Eqs. (15) and
(16), and when combined with the shape function matrix N,
the pseudo equilibrium equation for the ﬂuid grid can be estab-
lished asZ Z Z
X
ðANÞTDðANÞUdX ¼ 0 ð17Þrtition and LU-SGS coloring.
Fig. 8 Mach number contours at different time instants (used ﬁne grid).
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virtual moving structure, the elastic modulus E and the Pois-
son ratio m have no association with real world materials,
and the experience in this research showed that using the reci-
procal of the cell-wall distance to deﬁne E would achieve more
robust mesh-moving results. The Poisson ratio is set as 0.3 by
experience. The displacement U for grid nodes can be solved
by treating the structure displacements as Dirchlet conditions
and applying the preconditioned generalized minimal residual
GMRES algorithm. In this paper, a compatible mesh is gener-
ated to transfer the FSI information directly on the parachute
canopy.
4. Aerodynamic simulation module
4.1. Preconditioning ﬁnite volume method
Different from the space–time FSI method and software LS-
DYNA which use the ﬁnite element method to solve incom-
pressible ﬂuid problems, the preconditioned ﬁnite volume ﬂuid
system expressed in a primitive form is employed in this paper
to simulate aerodynamics at all speeds:
C
@
@t
XQdXþ
Z Z
@X
ðF GÞdS ¼ 0 ð18Þ
Q ¼
P
Vx
Vy
Vz
T
2
6666664
3
7777775
; F ¼
qt
qtVx þ Pnx
qtVy þ Pny
qtzVz þ Pnz
qtEg þ Pt
2
6666664
3
7777775
; G ¼
0
sxi
syi
szi
sijVj þ q
2
6666664
3
7777775
ð19Þ
where Q, F, G, and C represent the primitive variables, the con-
vective ﬂux, the viscous ﬂux, and the preconditioning matrix,
respectively. q, t, Eg V, and P represent the ﬂuid density, the
normal velocity, the total energy per unit mass, the velocity
in three directions, and the ﬂuid pressure. s is the stress tensor,
q represents the heat ﬂux value, and n represents the face unit
vector. In this paper, the Weiss-Smith preconditioning
matrix22 C for density-based ﬂuid schemes is employed due
to its simplicity for programming. The second-order ﬂux-dif-
ference Roe and HLLC (Harten–Lax–van Leer contact)
scheme21,22 based on the unstructured ﬁnite volume methodhas been modiﬁed and extended to compute preconditioned
convective ﬂux.
4.2. Time integration for ﬂuid simulation
The unstructured LU-SGS algorithm is one of the most efﬁ-
cient implicit iteration methods used for ﬁnite volume schemes
because of its stable and faster convergence ability compared
with explicit schemes. In this paper, the modiﬁed unstructured
preconditioning LU-SGS algorithm is employed to perform
time integration for parachute aerodynamic simulation at all
speeds. Compared with no preconditioned LU-SGS schemes
at each forward and backward sweep steps, the precondition-
ing matrix should be added at a proper position to enhance
the stability.
Forward sweep:
CDQi ¼ D1g Resi  0:5
X
j:j2LðiÞ
sijDF

j  jsijjqAjCDQj
 " #
ð20Þ
Backward sweep:
CDQi ¼ CDQi  0:5D1g
X
j:j2UðiÞ
sijDFj  jsijjqAjCDQj
  ð21Þ
where qA represents the spectral radius and Sij represents the
interface area. The residual Resi and the diagonal matrix Dg
have the same value with no preconditioned systems.5. Parachute modeling
The material of the canopy and the suspension line used in this
paper is according to the US military standard MIL-C-
7020III. The fabric material properties are listed in Table 1.
The geometric parameters of the parachute are: the canopy
nominal diameter is 8.5 m, the canopy gero number is 28,
the exposed suspension line length is 9.0 m, and the diameter
of the canopy vent is 0.85 m. The ﬁnite element model of the
C-9 parachute at its initial conﬁguration is displayed in Fig. 3.
The suspension line not only is tied at the bottom of each
gero, but also runs through the canopy continually and ﬁnally
meets at the center of the vent as a strategy to enhance fabric
strength.
Fig. 9 FSI simulation of breathing motion.
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6.1. Parachute structure inﬂation simulation
At the pre-inﬂation phase, a stand-alone implicit nonlinear
structure dynamic simulation is carried out to inﬂate the para-
chute to the FSI couple point with a uniform prescribed pres-
sure. A folded conﬁguration is employed to simulate the
packed parachute condition at deployment. The ﬂuid speed
at the deployment stage is usually higher than that at the
steady descent stage,15 and thus a ﬂow speed of 80 m/s and
an air density of 1.18 kg/m3 are chosen to simulate the para-
chute unfolding procedure. Transferring the ﬂuid dynamic
pressure to a uniform pressure load of 3776.0 Pa, applying
0.0001 s as the structural time step, and performing 2600 impli-
cit iterations, the beginning of canopy breath vibration is
observed (see Figs. 4 and 5).
The project area ratio (the project area to the nominal area)
is 0.4036 at t= 0.2600 s, and the project area ratio and the
inﬂation time for a C-9 parachute provided by commercial
software LS-DYNA in Ref. 14 are 0.3800 s and 0.2600 s. The
major difference of the canopy area is caused by the wrinkling
algorithm employed in this paper, so the over stiffness in the
compression area for shell elements has been avoided. Thusthe ﬁnal conﬁguration of the parachute canopy in this paper
is relatively fuller, smoother, and looks closer to the experi-
mental photo in Fig. 6.
6.2. FSI simulation of breath vibration
In this paper, the weak couple method is employed to perform
parachute FSI simulation. During each coupling step, the
aerodynamic pressure from quasi steady-state ﬂuid simulation
is transformed to the nonlinear structure module and the struc-
tural deformation results are treated as a solid wall condition
for the aerodynamic module. The Spalart–Allmaras turbulence
model for the preconditioned Navior–Stokes equation is
applied to solve the aerodynamic problem. In order to com-
pare the breathing motion of the canopy during inﬂation and
later time, the simulation has been extended to 0.4100 s. The
time interval of the FSI procedure is set up to be 0.0050 s
and there are 30 coupling steps during this stage of simulation.
Two different scales of grid have been used to test the grid’s
inﬂuence on parachute FSI simulation: the coarse grid has
1311744 cells with 1334229 vertexes; the ﬁne grid has
3125747 cells with 3195304 vertexes.
The results of the LU-SGS coloring algorithm and multi
point interface MPI parallel partition for ﬂuid grids are dem-
Fig. 10 Velocity slice at FSI time 0.2900 s.
Fig. 11 FSI results at descent stage.
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results during this stage are displayed in Fig. 8.
During the inﬂation stage, the breathing motion is more
obvious than that at later time. Some over-inﬂation conﬁgura-
tions have been observed, like at time instants of 0.0750 s and
0.1800 s. The breathing motion at later time is demonstrated
in Fig. 9(a) and (b). The FSI results at later time show that the
breathe vibration will continue after the inﬂation stage and the
amplitude of this kind of motion will decrease slowly but regu-
larly. The breathing motion during the inﬂation process is
mainly caused by the structural inertia force generated at the
unfolding moment, when the potential deformability of the thin
ﬂexible fabric structure is activated from the folded state. The
parachute structure uses a large shape change like explosion
and short time duration to absorb the ﬂuid impact energy, and
when the energy has been transferred at every place in the para-
chute system, the fabric material starts to ﬁght back and expel
the extra ﬂuid. The inertia energy is consumed by this regular
breathing motion and ﬁnally achieves a dynamic equilibrium
with the ﬂuid motion. Observed from the FSI results of both
the ﬁne (Fig. 9(a) and (b)) and coarse grids (Fig. 9(c)), the equi-
librium position almost coincides with the conﬁguration at
0.2600 s, and thus this canopy shape has been chosen as the ini-
tial conﬁguration for terminal descent simulation.
The surrounding ﬂow of the parachute canopy is demon-
strated in Fig. 10. As Fig. 10(a) shows, two large vortexes have
been developed to form the basic structure of the parachute ﬂow
ﬁeld. Because of the parachute canopy, the main stream has to
reduce its speed and bypass the canopy to continue its ﬂow.
The differences between the ﬂuid speeds created at the bottom
edge of the canopy have always been the main power to drive
the surrounding ﬂow to separate from the main stream. During
the FSI simulation, the small shape changes of the parachute
canopy can disturb the vortex development, but as the system
breathe vibration tends to converge, the two main vortexes also
become relatively stable. On the other hand, the remaining part
of themain stream chooses to ﬂow through the canopy vent, and
thus a speed-up phenomenon is observed due to the sudden
kinetic energy release after storage behind the canopy. After
escaping from the canopy vent for some distance, the main
stream ﬁnally meets the two large vortexes. Because the main
stream cannot resist the backward dynamic pressure, it turns
back and joins the other vortexes formed between the canopy
and the two tail vortexes as Fig. 10(b) demonstrates.
Some smaller vortexes also appear behind and on the top of
canopy. The main stream creates a small vortex inside the can-
opy to store up its kinetic energy and changes the ﬂow direction
towards the vent due to zero permeability of the fabric model
used in this paper. The separate part of the main stream creates
other small vortexes at the bottom edge of the canopy driven by
the differences of velocity andpressure. Combinedwith the pres-
sure received from the surrounding ﬂow, it tends to reattach the
canopy surface. The remaining part of this middle space is ﬁlled
by the advancing ﬂowwhich has been forced to turn back by the
two large vortexes, and only a small part of this ﬂow can pass
through the narrow space formed by the ﬁnal twin vortexes.
6.3. FSI simulation of terminal descent
The equilibrium conﬁguration achieved from the last breath
vibration simulation has been chosen as the initial conﬁgura-tion to simulate the terminal descent stage. The terminal
descent velocity is set up to be 6.1 m/s as Ref. 1 provided.
The structural time step and the FSI time interval are the same
Fig. 12 Meridian shape changes provided in Ref. 1.
Fig. 13 Mach number contour at descent time 0.0150 s.
Fig. 14 Meridian pressure coefﬁcient comparison with Ref. 1.
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this stage of FSI simulation, and when the parachute system
vibration motion tends to convergence, similar characteristics
have been observed when compared with Ref. 1 The FSI sim-
ulation results at this descent stage are demonstrated in
Fig. 11.
Some small differences have been found in this research
when compared with Ref. 1. The canopy vent will rise up
and down for a little distance from the ﬁnal position. This
can be easily explained because the parachute model used in
this paper has considered suspension lines and the parachute
is ﬁxed at the bottom point where all exposed suspension lines
meet. The system vibration energy is absorbed and consumed
by both membrane elements and cable elements. On the other
hand, the parachute’s ﬁnal conﬁguration in this research seems
to be fuller, which can be explained by the higher ﬂuid speed
during the inﬂation stage and the ﬁnite element model based
on a real parachute system used in this paper. The meridian
shape changes provided by Ref. 1 are displayed in Fig. 12.
The Mach number slice during FSI simulation at the termi-
nal descent stage is demonstrated in Fig. 13. The structure of
the surrounding ﬂow is basically the same as at the breathing
stage, except the distance between the canopy and the tail vor-
tex due to a lower descent velocity and the energy for the main
stream to recover from inverse pressure.
Fig. 14 shows the comparison of the canopy pressure coef-
ﬁcients between this research and Ref. 1 at the ﬁnal stable state.
The major differences are caused by the fuller canopy conﬁgu-ration observed in this research as has been discussed before.
The comparison of FSI results and pressure coefﬁcients
between the coarse grid and the ﬁne grid can prove that the
grid scale used in this paper is appropriate.
7. Conclusions
(1) A new parachute ﬂuid–structure interaction method
based on the nonlinear ﬁnite element model and the pre-
conditioning ﬁnite volume method is proposed in this
paper. The numerical simulation used three stages to
simulate the opening procedure of a C-9 parachute,
and both the structural vibration and the surrounding
ﬂow ﬁeld have been analyzed.
(2) The parachute FSI simulation results show agreement
with experimental results and previous literature, and
thus qualify the method developed in this paper to be
an applicable, efﬁcient way to simulate parachute
dynamics and predict complex parachute conﬁgurations.
(3) The pseudo solid mesh-moving strategy can provide
robust and good quality dynamic mesh during FSI sim-
ulation, and thus there is no need to regenerate the space
grid for ﬂuid simulation. This can provide a great conve-
nience for parachute FSI simulation.
(4) The method provided in this research can be further
developed to apply the FSI coupling procedure during
the entire inﬂation process. The initial conﬁguration
can be further complicated to simulate the parachute’s
Simulation of 3D parachute ﬂuid–structure interaction 1383irregular packed state. Besides, more studies should be
carried out to develop more robust mesh updating tech-
niques which can simulate cluster parachute dynamics or
airdrops from a cargo airplane.
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